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a b s t r a c t
Vanadosilicates with the structures of ETS-10 and AM-6 microporous materials have been hydrother-
mally synthesized using organic directing structures agent (SDAs) derivatives of decahydroquinoline,
3,5-dimethyl-piperidine, 2,6-dimethyl-piperidine and (S)-Sparteine. Derivatives of these chiral amines
have not been explored before in the sol gel chemistry of vanadosilicates. Physicochemical characteriza-
tion of the obtained vanadosilicate materials with these different chiral templates was carried out by X-
ray diffraction (XRD), scanning electron microscopy (SEM), Raman and infrared (IR) spectroscopy, solid-
state NMR spectroscopy, and differential thermogravimetric analysis (DTA)/thermogravimetric analysis
(TGA). The results suggest that the presence of the chiral organic templates have different effects in terms
of the ﬁnal phase of the synthesized materials and their morphology. The products obtained using chiral
template derivatives of decahydroquinoline reveal that certain products might be very enriched with chi-
ral polymorph A while others present structures which are similar to other large-porous vanadosilicate
such as AM-6 and AM-13. Derivatives of 2,6-dimethyl-piperidine and 3,5-dimethyl-piperidine have not
favored any structure that resembles a chiral polymorph A, but only known vanadosilicates such as
AM-6, AM-13. Derivatives of (S)-Sparteine, on the other hand, have not only favored the formation of
structures enriched with a large amount of chiral polymorph A, but also their use has resulted in other
unknown vanadosilicate structures whose physicochemical characterizations are in progress.
 2011 Elsevier Inc. All rights reserved.
1. Introduction
Zeolites are crystalline aluminosilicates with periodic arrange-
ments of cages and channels of molecular dimensions that ﬁnd
extensive industrial uses as catalysts, adsorbents, ion exchangers
and their ﬁlms are also targeted for potential applications as selec-
tive membranes, chemical sensors and microelectronic devices
[1–4]. These microporous materials exist not only in the form of
aluminosilicates, but also in the forms of aluminophosphates
[5,6], gallophosphates [7], zinc phosphates [8–11], tin phosphates,
indiumphosphates and transitionmetal phosphates [12,13], vanad-
osilicates [14–17] and titanosilicates [18–21]. Among the titanosili-
cates, ETS-10 and ETS-4 were the ﬁrst well established examples of
microporous materials having octahedral (six-coordinated) and
square-pyramidal (ﬁve-coordinated) titanium units coordination
as a regular andmajor feature of their structures [18–21] alongwith
the silicate units. A signiﬁcant amount of outstanding crystallo-
graphic work on these both two structures were done by several
authors [9–13] and very particular and unique characteristics of
these crystallinemicroporous oxideswere revealed, such as the chi-
rality of some of the polymorphs units that built up these structures.
Cruciani et al. [22] performed the Rietveld reﬁnement of the ETS-4
and the structure reﬁnement revealed a microporous molecular
sieve whose crystallographic structure can be described as consist-
ing of chains of corner-sharing [TiO6] octahedral along the b axis,
with neighboring octahedra in a chain being laterally linked by
[SiO4] tetrahedra. Pairs of [SiO4] connected to the adjacent [TiO6]
chains are further joined via a structural unit containing one
[TiO6] surrounded by four [SiO4] tetrahedral. This topology ideally
produces 12-membered rings perpendicular to the c axis and
eight-membered rings perpendicular to b. ETS-4 exhibits
substantial stacking faults along the (1 0 0) and (0 0 1) planes, and
the faulted structure can be described as an intergrowth of four
hypothetical ordered polymorphs and neither one of them is a chiral
one [23].As a result the 12 ring channels along c become segmented,
whereas the eight-ring channels along b are not affected.
Anderson et al. [24–26] were able to elucidate the very complex
crystallographic structures of bothmaterials through a combination
of state-of-the-art techniques such as high resolution electron
microscopy, solid-state NMR spectroscopy and X-ray powder
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Fig. 1. Schematic syntheses for the preparation of structure directing agents derivatives of decahydroquinolium, piperidinium and (S)-Spartenium cations.
Table 1
Summary of the molecular sieves with the organic structure directing agent derived from decahydroquinolium cations.
SDA Reaction mixture composition T (C) Days Remarks
1–4 0.97SiO2:0.100SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 180 5 Pure AM-6
1–4 0.97SiO2:0.200SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 180 5 Pure AM-6
1–4 0.97SiO2:0.300SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 180 5 Pure AM-6
1–4 0.97SiO2:0.400SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 180 5 Pure AM-6
1, 2, 3 0.97SiO2:0.500SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 180 5 Pure AM-6
4 0.97SiO2:0.500SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 180 5 Polimorph A
1–4 0.97SiO2:0.100SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 230 5 Amorphous materials
1–4 0.97SiO2:0.200SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 230 5 Amorphous materials
1–4 0.97SiO2:0.300SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 230 5 Amorphous materials
1–4 0.97SiO2:0.400SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 230 5 Most quartz materials
1–4 0.97SiO2:0.500SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 230 5 Most quartz materials
Table 2
Summary of the molecular sieves with the organic structure directing agent derived from 3,5-cis-dimethyl piperidine.
SDA Reaction mixture composition T (C) Days Remarks
5–8 0.97SiO2:0.100SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 180 5 Pure AM-6
5–8 0.97SiO2:0.200SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 180 5 Pure AM-6
5, 7, 8 0.97SiO2:0.300SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 180 5 Pure AM-6
6 0.97SiO2:0.300SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 180 5 Polimorph B
5, 6, 7 0.97SiO2:0.400SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 180 5 Pure AM-6
8 0.97SiO2:0.400SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 180 5 Polimorph A
5, 6, 7 0.97SiO2:0.500SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 180 5 Pure AM-6
8 0.97SiO2:0.500SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 180 5 Polimorph A
5–8 0.97SiO2:0.100SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 230 5 Amorphous materials
5–8 0.97SiO2:0.200SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 230 5 Amorphous materials
5–8 0.97SiO2:0.300SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 230 5 Amorphous materials
5–8 0.97SiO2:0.400SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 230 5 Most quartz materials
5–8 0.97SiO2:0.500SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 230 5 Most quartz materials
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diffraction crystallography, and they described the crystallographic
structure of ETS-10 as a composition of [TiO6] octahedra linked to
two-folded chains of [SiO4] tetrahedral, forming [TiSi4O13] columns.
These columns are packed into layers parallel to (0 0 1) planes, with
the columns in the adjacent layers perpendicular to each other. The
layers are further connected by [SiO4] tetrahedral into a three-
dimensional framework. The framework contains three orthogonal
sets of channels deﬁned by 12-membered rings along the a, b, and c
axes. The structure also presents a considerable degree of stacking
disorder along the (0 0 1) plane, however the stacking faults in the
ETS-10 unlike those in ETS-4, do not appear to cause blockage of
the 12-ring channels systems, and in fact ETS-10 has much higher
adsorption capacity over ETS-4. Adsorption measurements show
that the effective pore size of ETS-10 is about 8 Åwhich is compara-
ble to the pore of several large-pore zeolites such as Faujasite (FAU)
and zeolite Beta (BEA) [24–26]. One of the most interesting aspects
of the disordered structure of ETS-10 is the fact that it can also be
described as an intergrowth of two hypothetical ordered poly-
morphs, namely polymorph A and B. Polymorph A has a chiral sym-
metry and this chiral symmetry ismanifested as either a left or right
hand spiral 12-ring channel along the [0 0 1] direction with a pitch
of 27.08 Å. Anderson et al. have also speculated [24–26] about the
possibility of synthesizing such a chiral material, and it is clear to
them that the synthesis of such material would require a chiral or-
ganic template. Although there are few reports on the synthesis of
chiral zeolite-like material [27–29] none of them are correlated to
the chiral polymorph A of the titanosilicate ETS-10. Aware of the
technological challenges and also of the potential rewards of the
synthesis of microporous materials with chiral framework we have
initiated in our group a research programwhose aim is the synthesis
of chiral inorganic frameworks using chiral organic templates and
our preliminary focus was on the AM-6 vanadosilicate whose crys-
tallographic structure is analogue to the titaniosilicate ETS-10. Due
to their large applications in catalysis, the microporous ETS-10 and
ETS-4 have been subjected to a great number of isomorphous sub-
stitutions of Ti and Si atoms by other atoms such as Zr [30], Nb
[31], V [32,33], B [34], Co [35], Cr [36], Al and Ga [37] aiming to
improve their ion-exchange, catalytic speciﬁcity and thermal stabil-
ity properties. AM-6 was the ﬁrst synthesized large-pore vanadosi-
licate whose crystallographic structure was claimed to be
isomorphous to the titanosilicate ETS-10 [38]. The original synthesis
of AM-6 was performed in the presence of ETS-10 seeds and only
recently it was possible to synthesize it without seed. However in
order to perform this synthesis it was necessary to use tetrameth-
yammonium hydroxide (TMAOH) and tetramethylammonium bro-
mide (TMABr) as structure directing agents [39]. Even though there
are several studies describing the use of organic templates [40–45]
in the preparation of titanosilicate ETS-10 and only one study
related to the synthesis of the large-pore vanadosilicate AM-6
[39], to the best of our knowledge until the present time there is
no systematic synthetic study about the role of organic templates
derivatives of chiral amines (S)-Sparteine, piperidine and decahy-
droquinoline on this system. Therefore, in this paper we present
our preliminary results of an extensive and systematic sol–gel study
using these chiral organic templates aiming the synthesis of new
ETS-10 like vanadosilicates.
2. Experimental section
2.1. Syntheses of the organic templates derived from decahydro
quinoline, 2,6-cis-piperidine and 3,5-cis-piperidine and (S)-Sparteine
Schematically is illustrated in Fig. 1 the general procedure for
the syntheses of the organic templates derived from cis/trans
decahydroquinoline, 2,6-cis-dimethylpiperdine, 3,5-dimethylpi-
peridine and (S)-Sparteine. The organic compounds were synthe-
sized following procedures already reported in the literature
Table 4
Summary of the molecular sieves with the organic structure directing agent derived from (S)-Sparteinum.
SDA Reaction mixture composition T (C) Days Remarks
13–15 0.97SiO2:0.100SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 180 5 Pure AM-6
13–15 0.97SiO2:0.200SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 180 5 Pure AM-6
13–15 0.97SiO2:0.300SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 180 5 AM-6
13, 15 0.97SiO2:0.400SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 180 5 AM-6
14 0.97SiO2:0.400SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 180 5 Unknown crystalline material
13,14 0.97SiO2:0.500SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 180 5 AM-6
15 0.97SiO2:0.500SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 180 5 Unknown crystalline material
13–15 0.97SiO2:0.100SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 230 5 AM-6
13–15 0.97SiO2:0.200SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 230 5 AM-6
13–15 0.97SiO2:0.300SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 230 5 AM-6
13, 15 0.97SiO2:0.400SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 230 5 AM-6
14 0.97SiO2:0.400SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 230 5 Unknown crystalline materials
13, 14 0.97SiO2:0.500SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 230 5 AM-6
15 0.97SiO2:0.500SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 230 5 Unknown crystalline materials
Table 3
Summary of the molecular sieves with the organic structure directing agent derived from 2,6-cis-dimethyl piperidine.
SDA Reaction mixture composition T (C) Days Remarks
9–12 0.97SiO2:0.100SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 180 5 Pure AM-6
9–12 0.97SiO2:0.200SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 180 5 Pure AM-6
9–12 0.97SiO2:0.300SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 180 5 Pure AM-6
9, 11, 12 0.97SiO2:0.400SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 180 5 Pure AM-6
10 0.97SiO2:0.400SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 180 5 Unknown crystalline material
9, 11, 12 0.97SiO2:0.500SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 180 5 Pure AM-6
10 0.97SiO2:0.500SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 180 5 Unknown crystalline material
9–12 0.97SiO2:0.100SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 230 5 Amorphous materials
9–12 0.97SiO2:0.200SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 230 5 Amorphous materials
9–12 0.97SiO2:0.300SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 230 5 Amorphous materials
9–12 0.97SiO2:0.400SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 230 5 Most quartz materials
9–12 0.97SiO2:0.500SDA:0.1 V2O5: 1 Na2O: 0.23K2O:30H2O 230 5 Most quartz materials
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[46–48] with slight modiﬁcations, and a detailed experimental
procedure for the syntheses of all organic compounds used in this
study is given in the supplementary materials section of this jour-
nal. As an example only the syntheses of SDA1 and SDA13 will be
described here. SDA1 was prepared in the following manner: One
equivalent of decahydroquinoline (Sigma–Aldrich), and 1.5 equiv-
alent of base (potassium bicarbonate) were added to 170 ml of
methanol. Two equivalent of ethyl iodide (Sigma–Aldrich) was
added by drops to the solution over a 10–15 min period and the
solution was reﬂuxed for 72 h. The reaction mixture was cooled
down to room temperature and the methanol evaporated away.
The remaining white solid was extracted with 250 ml of
chloroform; the precipitated solids were ﬁltered. The chloroform
fraction was evaporated in vacuum and the solids recrystallized
from a minimum of hot isopropanol.
SDA13 was synthesized by dissolving 70.2 g of (S)-Sparteine
(Sigma–Aldrich) in acetone (240 ml). To this solution, methyl
iodide (Sigma–Aldrich, 73.0 g) was added by drops at room tem-
perature and the mixture was stirred in the dark for 2 days. The
mixture was ﬁltered after the addition of diethyl ether (200 ml)
and the recovered solid was recrystallized in 2-propanol. All the or-
ganic templates derivatives of the chiral amines were character-
ized by C, N, H chemical analysis, 13C NMR and electrospray
mass spectroscopy before further use. The dried solids were then
Fig. 2. XDR patterns of the vanadosilicates prepared with decahydroquinolium cations at 5 days/180 C with SiO2/SDA molar ratio of: (a) 0.97 SiO2/0.5 SDA1; (b) 0.97 SiO2/0.5
SDA2; (c) 0.97 SiO2/0.5 SDA3; (d) 0.97 SiO2/0.5 SDA4.
A.S. Paula et al. /Microporous and Mesoporous Materials 147 (2012) 30–46 33
ion-exchanged to the hydroxide form by treatment with BioRad
AG-X8 resin, and the molarity was determined by titration using
phenolphthalein as the indicator.
2.2. Syntheses of the vanadiosilicates
The hydrothermal synthesis of the large vanadosilicate AM-6
was adapted from the experimental procedures reported by Rocha
et al. [38] and Sacco and co-workers [39] using the organic tem-
plates described in the previous section. All of the sol–gel chemis-
try conditions explored in this study are summarized in Tables 1–4.
In a typical synthesis adapted from the procedures described by
Rocha et al. [38] approximately 3 mmol of an aqueous solution of
the organic templates (10.34 g, 0.290 mmol OH/g) were mixed
with sodium silicate (6.26 g, Na2O 8 wt.%, SiO2 27 wt%, Aldrich),
H2O (8.03 g), NaOH (0.20 g), KCl (0.99 g) and NaCl (3.08 g). A sec-
ond solution was made by mixing H2O (7.6 g) with VOSO45H2O
(1.5 g, Sigma–Aldrich). These two solutions were combined and
stirred thoroughly and the ﬁnal green gel (pH 11.0) was heated
in a 23 mL or 45 mL Teﬂon-lined stainless-steel autoclave (Parr
Instruments Company) for 5 days at 180 C and also for 3 days at
230 C. The crystalline products were cooled down, collected by ﬁl-
tration, washed with deionized water and acetone, and dried in air
at room temperature.
2.3. Characterization
All the polycrystalline samples were characterized by XRD using
a Rigaku Multiﬂex operated at 40 KV and 40 mA and using a Ni-ﬁl-
tered Cu-Ka radiation (k = 1.5418 Å). The X-ray analyses were per-
formed in the range of 2h angles from 3 to 80 with a goniometer
rate of 0.5 (2h) min1. Single Crystal X-ray diffraction data for some
of the SDAs obtained in the form of single monocrystals were col-
lected at room temperature and the X-ray diffraction data collection
(/ scans and x scans with j offsets) was performed on an Enraf–
Nonius Kappa-CCD diffractometer (95 mmCCD camera on j-gonio-
stat) using graphite-monochromated MoKa radiation (0.71073 Å).
Datawere collected up to 50 in 2h, with a redundancy of 4. The ﬁnal
unit cell parameters were based on all reﬂections. Data collections
weremade using the COLLECT program [49] integration and scaling
of the reﬂectionswas performedwith theHKLDenzo-Scalepack sys-
tem of programs [50]. Multi-scan absorption correctionwas applied
Blessing [51]. The structure was solved by direct methods and the
model was reﬁned by full-matrix least squares on F2 using SHEL-
XS-97 [52]. All the hydrogen atoms were stereochemically posi-
tioned and reﬁned with the riding model of SHELXS-97 [52].
SEM images were recorded using a XL30 FEG instrument and
previous to the analysis, a thin coating of gold sputter was depos-
ited onto the samples. Raman (Bruker-RFS 100, Germany) and
Infrared (FT-IR) absorption (Bruker-Equinox 55, Germany) spectra
of the vanadosilicates were collected at room temperature. A
1064 nm Nd:YAG laser was used to obtain the Raman Spectra as
excitation source with its power kept at 90 mW. The FT-IR spectra
were collected using KBr pellets in the range 500–4000 cm1 at a
resolution of 4 cm1 and an interval of 1 cm1 and each spectrum
was averaged over 256 scans. The thermal analysis was carried out
on a Netzsch 429 instrument. The as synthesized samples (5 mg)
were heated in a stream of synthetic air (50 mL/min with a heating
rate of 10 C/min in the temperature range 25–1000 C.
Solid-state magic angle spinning (MAS) NMR spectra were ac-
quired with a Bruker DMX 300 NMR spectrometer operating at
ﬁeld strength of 7.05 T, hence a resonance frequency of 300 MHz
for 1H, 78.9 MHz for 51V, 75.4 MHz for 13C, and 59.6 MHz for 29Si
by using a double resonance 4 mm MAS probe. The magic angle
was set by the 79Br resonance of KBr. Samples (100 mg) were
packed in a Zirconia rotor with Kel-F caps and spun at 10–13 kHz
at room temperature. Lorentzian line broadening of 30 Hz was ap-
plied to all the NMR data. 13C NMR: the solid-state cross polariza-
tion 13C CPMAS NMR spectra were acquired with two pulse phase
modulation (TPPM) proton decoupling with 75 kHz of ﬁeld
strength. The 90 pulse width for 1H was 3.6 ls with contact time
of 1 ms, delay time of 5 s, 20,000 scans, 4096 data points, and
30 kHz of spectral width. Chemical shifts were given with respect
to tetramethylsilane (TMS) by using an external sample of solid
glycine (carbonyl at 176.5 ppm) for 13C as the secondary reference.
29Si NMR: quantitative 29Si MAS NMR spectra were acquired with
90 pulse width of 5.5 ls, delay time of 30 s (>5 T1), 8000 scans,
2048 data points, and 30 kHz of spectral width. Chemical shifts
were given with respect to tetramethylsilane (TMS) by using an
external sample of tetrakis(trimethylsilyl)silane (TTMS) at
9.8 ppm for 29Si as the secondary reference.
51V NMR: the solid-state 51V MAS NMR spectra were acquired
with a short single-pulse excitation of 1.5 ls (p/12) for 51V applied
on-resonance, delay time of 2 s, 8000 scans, 8192 data points, and
500 kHz of spectral width. Chemical shifts were given with respect
to VOCl3 by using an external sample of sodium orthovanadate
(Na3VO4) (tetrahedral coordination at 545 ppm) for 51V as the
secondary reference.
3. Results and discussion
3.1. Syntheses of vanadosilicates with derivatives of decahydro
quinolinium cations their phase identiﬁcation by powder X-ray
diffraction
Details of the zeolites syntheses conditions and the obtained
microporous materials with the derivatives of decahydroquinolini-
um cations are summarized in Table 1. The screenings were per-
formed maintaining ﬁxed the V2O5/SiO2 and H2O/SiO2 molar ratio
while the temperature, crystallization time and the SDA/SiO2 molar
ratiowere varied. The productswere characterized byX-ray powder
diffraction (XRD). The inspection of the synthesized materials ob-
tained with SDAs derived from decahydroquinoline (SDA1–4,
Fig. 1) revealed that derivatives of this amine are very selective as
structure directing agents for the synthesis of the vanadosilicate
AM-6 (see Fig. 2). Syntheses performedwith SDA1–4 at amolar ratio
of SDA/SiO2 varying from0.1 to 0.4 Mat 5 days/180 Cgive theAM-6
in a pure phase (Fig. 2a–c), except for the structure presented in
Fig. 2a, which presents a X-ray diffraction peak at 2H = 39.2. We
do not have a clear and deﬁnitive explanation for the appearance
of this peak at themoment, however since the ETS-10 is a highly dis-
orderedmaterial formed by at least two polymorphs, amore certain
conclusion about the structure and its derivatives is possible only
with data from a combination of techniques such as synchrotron,
electron diffraction and electron microscopy which will presented
in Part II of this study. Nevertheless, syntheses with SDA1 with mo-
lar ratio in the range of 0.1–0.4 M at 5 days/180 C is very reproduc-
ible and it always produces this material showing this typical XRD
pattern.
Another interesting observation regarding this systematic syn-
thetic work with this family of SDAs is the fact that when the molar
ratio is increased to 0.5 M, only SDA-4 can direct the formation of a
vanadosilicate which presents some important differences in com-
parison to AM-6, specially in the region of 2h 5–10 (Fig. 2d).
According to the literature [26] there are three distinct peaks in
this region of 2h = 5–10 that can be related to the theoretical struc-
ture of the chiral polymorph A. This theoretical structure should
have at least P41 or P43 symmetry and unit cell parameters of
a = b = 14.84 Å, c = 27.08 Å, and a = b = c = 90, and it presents 7well
deﬁned reﬂections in the region of 2h = 6–15. The main peaks dif-
fraction are located in the 2h region of 6, 7, 9, 11.5, 12.5, 13.5,
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14.5 and their respective hkl reﬂections are (1 0 0), (1 0 1), (1 0 2),
(1 0 3), (2 0 1), (0 0 4), (1 0 4). Analysis of the Fig. 2d (see inset of the
expanded region) will show that the sample prepared with SDA 4
presents aweak diffraction peak at 2h = 7, and twomediumdiffrac-
tion peaks at 2h = 12.5 and 13.5which coincides with some of the
theoretical diffraction peaks of chiral polymorph A.
The possibility of these diffraction peaks being related to an
impurity phase was carefully checked. A survey of the literature
regarding the syntheses of ETS-10 in the complete absence of or-
ganic templates will reveal that the most common competitive
impurity phases are ETS-4, AM-1, AM-2, AM-3 and/or AM-4 [53].
On the other hand, systematic synthetic studies [43] of ETS-10
using different organic templates such as tetramethylammonium
(TMA), tetraethylammonium (TEA), and tetrapropylammonium
(TPA) revealed that these organic templates can direct the
formation of the titanosilicate ETS-10 as major product, and the
main competitive phases or impurity were also AM-1 and AM-3,
but not ETS-4. The results strongly suggested that the addition of
organic additives enhanced the crystallization and the purity of
the ETS-10.
We carefully examined the XRD patterns of AM-1, AM-2 and
AM-3 reported in the literature [53] and the characteristic diffrac-
tion peaks of these dense phase titanium silicates were not present
in the XRD of the AM-6 prepared with SDA-4 (see Fig. 2d). The data
strongly support the evidence that SDA4 might be a potential
structure-directing agent for the synthesis of the chiral polymorph
A in its vanadosilicate form, if more appropriated and optimized
sol–gel chemistry conditions are found.
There are several reports in the literature describing both exper-
imental and theoretical studies about the potential of derivatives of
Fig. 3. XRD patterns of the vanadosilicates prepared with 3,5-dimethyl-piperidinium cations at 5 days/180 C with SiO2/SDA molar ratio of: (a) 0.97 SiO2/0.5 SDA5; (b) 0.97
SiO2/0.3 SDA6; (c) 0.97 SiO2/0.5 SDA7; (d) 0.97 SiO2/0.5 SDA8.
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decahydroquinolium cations acting as structure directing agents for
obtaining large-porous high silica molecular sieves [43,54–56] and
one interesting observation made during these studies was the fact
several different frameworks (BEA, SSZ-43, SSZ-48, SSZ-31) and also
layered materials could be obtained with decahydroquinolium cat-
ions at different sol–gel conditions [43,56].
The fact that decahydroquinolium cations were able to direct
the formation of zeolita Beta (BEA) is an interesting observation
due to the fact that the crystallographic structure of zeolite Beta
likewise ETS-10 is formed by three different polymorphs, A, B
and C [57] and the polymorph A of zeolite Beta is also a chiral one.
There are several reports regarding the syntheses of poly-
morphs B and C of zeolite Beta. For instance, Al-free zirconosilicate
highly enriched with polimorph B was prepared in ﬂuoride med-
ium using TEAOH as SDA [58] and pure silica molecular sieves
highly enriched with polimorph B and C of zeolite Beta have also
been synthesized [59,60]. Pure polimorph C in the form of germa-
nosilicate has also been reported [61] and the crystallization of
zeolite Beta in the presence of chiral amines or rhodium complexes
induced the formation of zeolites Beta containing a large fraction of
polymorph A [62]. Our data reveal that the same phenomena is
occurring with the vanadosilicates prepared with SDA 4, because
the presence of this organic template can induce the formation of
a small fraction of polymorph A.
The vanadosilicate AM-6 was the ﬁrst large-porous vanadosili-
cate reported in the literature and it could only be synthesized in
Fig. 4. XRD patterns of the vanadosilicates prepared with 2,6-dimethyl-piperidinium cations at 5 days/180 C with SiO2/ SDA molar ratio of: a) 0.97 SiO2/0.5 SDA9; (b) 0.97
SiO2/0.5 SDA10; (c) 0.97 SiO2/0.5 SDA11; (d) 0.97 SiO2/0.5 SDA12.
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the presence of ETS-10 seeds [38] and only recently the synthesis
of AM-6 without seeds has been reported, however the authors
used tetramethylammonium hydroxide (TMAOH) or tetramethyl-
ammonium bromide (TMABr) as the structure-directing agent [39].
Brieﬂy our results reveal that the template derivatives of deca-
hydroquinolium, especially SDA1, SDA2 and SDA3 can also direct
the synthesis of pure phase AM-6 without seeds, while SDA4
directs the synthesis of AM-6 with small portion of the chiral
polymorph A.
During this study we were able to synthesize and recrystallize
some of the SDAs with good quality and ideal size to perform single
crystal study of these molecules. The single crystal X-ray structures
of the SDA2, SDA5 and SDA6 have not been previously reported in
the literature and the complete data set of this crystallographic
study are also provided in the supplementary materials section
of this journal.
It was mentioned earlier that SDA2 has been used as structure-
directing agent in the syntheses of several high silica zeolites with
different frameworks (BEA, SSZ-43, SSZ-31, SSZ-48), therefore it
may be worth to mention that the high selectivity of SDA2 toward
the formation of zeolite SSZ-48 is attributed only to the cis conﬁg-
uration of this molecule, because in its trans conﬁguration SDA2
does not direct the formation of this material [63].
The accurate crystallographic information provided by the
X-ray single crystal studies of these organic templates can be use-
ful in future studies of computer modeling and energy calculations
aiming to ﬁnd ideal conditions for the synthesis of a pure chiral
Table 5
XRD data for vanadosilicate prepared with
SDA10.
dhkl (Å) I/I0
14.573 24
8.282 19
7.209 11
4.927 10
4.657 10
4.423 34
3.764 14
3.604 100
3.456 34
3.281 27
3.229 12
3.136 10
2.299 15
2.541 14
2.524 23
2.464 14
Fig. 5. XRD pattern of the vanadosilicates prepared with (S)-Sparteinium cations at 5 days/180 C with SiO2/ SDA molar ratio of: (a) 0.97 SiO2/0.5 SDA13; (b) 0.97 SiO2/0.4
SDA14; (c) 0.97 SiO2/0.5 SDA15.
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polymorph A of the ETS-10, in a similar way that the use of the
computational approaches have helped the discovery of other high
silica content zeolites [56,64].
3.2. Syntheses of vanadosilicates with piperidine derivatives and their
phase identiﬁcation by powder X-ray diffraction
The microporous materials obtained with 3,5-cis-piperidine
derivatives (SDA5–8) and 2,6-cis-piperidine derivatives
(SDA9–12) following the sol–gel conditions described in Tables 2
and 3 have also revealed that these structure-directing agents are
very selective for the synthesis of the vanadosilicate AM-6 (Figs.
3 and 4). SDAs 5 and 7 direct the formation of AM-6 in a pure phase
while the use of SDA6 directs the formation of AM-6 enriched with
polymorph B.
Polymorph B was also theoretically described by Anderson et al.
[26] as a structure with monoclinic symmetry, space group C2/c
and a monoclinic unit cell a = b = 21.00 Å, c = 14.51 Å and
a = c = 90 and b = 111.12. The theoretical powder X-ray pattern
of polymorph B shows ﬁve well deﬁned reﬂections in the region
6–15, and the main reﬂections are located in the 2h region of 6,
8, 10, 12, 13, and the respective hkl reﬂections are (1 1 0),
(1 1 1), (1 1 1), (2 2 0), (0 0 2).
Analysis of Fig. 3b will show that the sample prepared with SDA
6 presents a weak diffraction peak at 2h = 7, and four medium dif-
fraction peaks at 2h = 10.5, 11, 12 and 13 which coincide with
some of the theoretical diffraction peaks of polymorph B. The re-
sults allow us to conclude that crystallization of AM-6 in the pres-
ence of SDA 6 induced the crystallization of vanadosilicate AM-6
containing fractions of polymorph B.
SDA8 also directs the formation of AM-6 enriched with the chi-
ral polymorph A (see Fig. 3d) in a similar way of the SDA4. Again
we carefully checked the XRD patterns of the prepared samples
Table 6
XRD data for vanadosilicate prepared with SDA13.
dhkl (Å) I/I0
13.423 10
11.904 9
11.325 14
5.223 6
5.040 18
4.548 100
4.271 10
3.729 27
3.587 4
3.399 5
3.356 2
3.213 7
Fig. 6. XRD pattern of the vanadosilicates prepared with (S)-Sparteinium cations at 5 days/ 230 C with SiO2/SDA molar ratio of: (a) 0.97 SiO2/0.5 SDA13; (b) 0.97 SiO2/0.4
SDA14; (c) 0.97 SiO2/0.5 SDA15.
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looking for the common impurities in this system such as the
dense phase titanium silicate AM-1, AM-2, AM-3, and the charac-
teristic diffraction peaks of these materials were not present in
the XRD patterns of the AM-6 prepared with SDAs 6 and 8.
Derivatives of 2,6-piperidine (SDA9–12) also direct the synthe-
sis of pure AM-6, however SDA10 gives a new different type of
material (see Fig. 4b). The XRD pattern of this material is com-
pletely different from the titanosilicate ETS-10 and also the vanad-
osilicate AM-6. The structural characterization of this material is a
work in progress and the results will be published in part II of this
study. For the moment, we can point out that the XRD pattern of
the calcined sample shown in Fig. 4b were indexed using the TRE-
OR program and the indexation resulted in an orthorhombic unit
cell with dimensions: a = 10.9862 Å, b = 14.5387 Å, c = 8.4169 Å,
a = ß = c = 90o, V = 1325.64 Å3 (see Table 5). Although the crystallo-
graphic structure is not yet solved, it is interesting to note that the
indexed unit cell has values that are similar to the unit cell of the
mineral umbite, a zirconium silicate (a = 10.207 Å, b = 13.241 Å,
c = 7.174 Å, a = ß = c = 90o) and to the unit cell parameters of AM-
2 (a = 9.943 Å, b = 12.972 Å, c = 7.150 Å, a = ß = c = 90) [53].
In comparison with the tetragonal unit cell of AM-1 (a =
b = 7.3673 Å, c = 10.6998 Å, a = ß = c = 90), and the monoclinic
unit cell of AM-3 (a = 8.956 Å, b = 8.727 Å, c = 7.387 Å, ß =
112.74) the new vanadosilicate synthesized with the SDA10 is
larger than those previous materials, and it is probably a new poly-
morph derivative of the ETS-10 family. The complete physico-
chemical characterization of this material is ongoing and will be
reported in part II of this study. It is interesting to notice that syn-
theses performed with SDA10 at 230 C resulted in amorphous
materials and a possible explanation for this systematic behavior
at this temperature range can be attributed to the degradation of
the amines [56].
3.3. Syntheses of vanadosilicates with derivatives of (S)-Sparteine and
piperidine and their phase identiﬁcation by powder X-ray diffraction
S-Sparteinium derivatives have been used as structure directing
agents in several sol–gel conditions and yielded several zeolites
with different topology. For instance, the synthesis of SSZ-24, a
zeolite with AFI topology and CIT-5 (CFI topology) were both
Table 7
XRD data for vanadosilicate prepared with
SDA14 at 230 C.
dhkl (Å) I/I0
14.766 21
6.1630 21
5.802 40
4.427 31
3.604 100
3.461 32
3.281 25
2.525 22
Table 8
XRD data for vanadosilicate prepared with
SDA15 at 230 C.
dhkl (Å) I/I0
14.063 36
13.261 70
4.503 52
4.379 100
4.141 53
3.938 67
3.138 29
3.083 62
2.992 31
2.580 38
2.203 28
1.712 20
Fig. 7. SEM of the vanadosilicates prepared with derivatives of decahydroquinolinium and piperidinium cations at 180 C/5 days. Typical morphology of the vanadosilicates
prepared with (a) SDA2; (b) SD4; (c) SDA6; (d) SDA9.
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obtained using the SDA13 [46,65], while the germanosilicate ITQ-
21 [66] could only be prepared in a ﬂuoride medium. Our results
for the role played by the derivatives of (S)-Sparteine as structure
directing agents (SDAs 13–15) in the formation of AM-6 is summa-
rized in Table 4 and the XRD patterns of the prepared samples are
shown in Fig. 5. According to the Table 4 the syntheses with
SDAs13–15 for 5 days/180 C with a SDAs concentration between
0.1–0.3 M resulted in a pure AM-6 phase material. However with
SDAs concentrations between 0.4–0.5 M the SDA14 and SDA15
(Fig. 5b and c) yielded two materials that are completely different
from AM-6 and ETS-10.
Analysis of the diffraction peaks at the two theta region of 6–
10 (Fig. 5c) will show the split of the reﬂections in this region.
The three new peaks at 6.6, 7.4 and 7.85 (2h) can be related to
those of the chiral polymorph A, and also to some reﬂection of
the polymorph B. However they are not exactly the same, and it
is quite possible that a new vanadosilicate structure linked to the
polymorphs A and B is formed. The results agree with the recent
ﬁndings of Aspin et al. [67] whom have shown that variations in
the syntheses conditions such as temperature, mode of heating
(conventional/microwave), starting reagents concentrations and
the use of different structure directing agents may inﬂuence the
degree of disorder within the ﬁnal product and also induces the
formation of new phases that can intergrowth with the ETS-10.
For themoment, regarding the structural characterization of this
material we can point out that the XRD patterns of the as made
material shown in Fig. 5c was indexed using the TREOR program
and the indexation yielded a monoclinic unit cell with dimensions:
a = 14.5977 Å, b = 10.8589 Å, c = 12.8744 Å, b = 112.40, V =
1886.74 Å3 (see Table 6). The volume of the indexed unit cell for
the new material is smaller than the triclinic unit cell of the vanad-
osilicate AM-13 (a = 9.736 Å, b = 15.629 Å, c = 15.730 Å, a = 60.67
b = 79.19, c = 75.19) V = 2015 Å3), but a closer examination of the
XRD pattern of both materials will show their similarities [68].The
complete physicochemical characterization of this new
vanadosilicatematerial is also ongoing and the datawill be reported
soon in part II of this study.
Syntheses with SDA13-15 at 5 days at 230oC also direct the for-
mation of new vanadosilicates. Fig. 6 shows the XRD patterns of
these new materials. The material formed by SDA13 is also similar
to the AM-6 or ETS-10, but synthesis with SDA14 at 5 days at
230 C gives a material whose structure is yet unknown, but it was
indexed in a monoclinic unit cell (a = 23.1749 Å, b = 19.1741 Å,
c = 3.8717 Å,a = b = c = 90.0),V = 1720.41 Å3) (see Table 7). Synthe-
siswith SDA15 for 5 days at 230 Calso gives amaterialwhose struc-
ture is yet unknow, but it was indexed in a monoclinic unit cell
(a = 24.6629 Å, b = 4.7531 Å, c = 14.3184 Å, a = c = 90, b = 100.74,
V = 1649.04 Å3) (see Table 8), andbothunit cells are also very similar
to the unit cell of AM-13.
3.4. Scanning electron microscopy
The SEM images of the vanadosilicates synthesized with the or-
ganic template derivatives of decahydroquinolium and piperidini-
um cations are shown in Fig. 7. The vanadosilicates prepared with
the SDA2, SDA4 and SD6 (Fig. 7a–c) present morphology very
similar to the ETS-10 crsytals, which typically present a truncated
bipyramidal morphology with well developed square and pyrami-
dal faces. Vanadosilicate prepared with SDA9 also presents a
truncated square bipyramidal habit, however with various irregu-
larities and faulting on their surface (Fig. 7d) in a similar case of
AM-6 prepared in the presence of the organic templates tetrameth-
ylammonium hydroxide (TMAOH) or tetramethylammonium
bromide (TMABr) and no seeds [39]. Brieﬂy most of the morpholo-
gies observed in this study are similar to the morphologies
observed by other authors who have reported the syntheses of
ETS-10 and AM-6 in the presence of organic templates
[39,42,43,68]. Syntheses with the derivatives of (S)-Sparteine
(SDA 13, SDA 14 and SDA 15) at 5 days/180oC (see Table 4) yield
crystals whose shape are very similar to the morphology of
Fig. 8. SEM of the vanadosilicates prepared with derivatives of (S)-Sparteinium cation. Typical morphology of the vanadosilicates prepared with a) SDAs 13–15 at 180 C/
5 days; (b) SDA13 at 230 C/5 days; (c) SDA14 at 230 C/5 days; (d) SDA15 at 230 C/5 days.
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ETS-10. Fig. 8a shows a representative example of the morphology
of the crystals obtained at those conditions. On the other hand, the
morphology of the materials obtained at 5 days/230 C (see Table
4) are very distinct from the morphology of ETS-10 or AM-6. For
instance, the morphologies of the crystals prepared with SDA13
(Fig. 8b) and SDA14 (Fig. 8c) crystallized themselves as aggregates
of long, thin prismatic crystals, while the morphology of the
crystals synthesized with SDA15 (Fig. 8d) can be described as
agglomerates of micro-sized sheets crystals.
3.5. TGA of the vanadosilicates
Representative TGA curves for some of the materials prepared in
this study are shown in Fig. 9. In general, all the vanadosilicates
prepared with structure directing agent derivatives of decahydro-
quinolinium and piperidinium cations reveal a gradual weight
losses between room temperature and 380 C, and a total mass loss
(water) around 18% (Fig. 9a and b) and these results are in accor-
dance with the previous values reported in the literature for pure
ETS-10 [24] and vanadosilicate AM-13 [33], AM-14 [33] and AM-6
[38]. However, powder XRD patterns (not shown) of these samples
calcined in air at 380 C suggest the samples have partially
collapsed, and above 450 C they became amorphous. The vanados-
ilicates prepared with structure directing agent derivates of
(S)-Sparteinium reveal a gradualweight loss between room temper-
ature and 580 C, and a total mass loss (water) around 16% (Fig. 9c).
XRD patterns of these samples reveal that these samples are stable
up to temperature 550 C for calcination performed in air.
Fig. 9. Typical TGA curves for the as made vanadosilicates prepared with (a) decahydroquinolinium cations at 180oC/5 days; (b) piperidinium cations at 180 C/5 days; (c) (S)-
Sparteinium cations at 230 C/5 days.
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3.6. Solid-state NMR characterization of the vanadosilicates
According to the literature [24,25] a typical 29Si MAS NMR spec-
tra of ETS-10 presents two types of silicon chemical environments,
the Si(3Si, 1Ti) and Si(4Si, 0Ti). The chemical environment of Si(3Si,
1Ti) gives rise to the resonance in the region of 94 to 97 ppm.
On the other hand, the environment of Si(4Si, 0Ti) gives rise to
the resonance located at 103.7 ppm. Fig. 10 shows the 29Si MAS
NMR spectra of the vanadiosilicates AM-6, vanadium analogue of
titanosilicates ETS-10, synthesized with SDA1–4 and the ETS-10,
the former displaying the three characteristic sharp peaks located
at -94.8 and -96.7 ppm assigned to Si(3Si, 1Ti) and 104.1 ppm as-
signed to Si(4Si, 0Ti). The 29Si MAS NMR spectra of the vanadosili-
cates AM-6 prepared with the organic templates derivated from
decahydroquinolium, show a completely different resonance pat-
tern compared to the ETS-10. All the vanadosilicates AM-6 pre-
pared with SDA1–4 clearly indicate the presence of vanadium in
the crystallographic framework which induces the appearance of
a major silicon chemical environment with resonance centered at
93.7 ppmwhich is assigned to Si(3Si, 1V) species with tetrahedral
Si species bonded to octahedral V species with line width ranging
from 150 to 200 Hz. Different octahedral V sites could occur at the
Fig. 10. 29Si NMR MAS of the titanosilicate ETS-10 and vanadosilicates prepared with SDAs 1–4 at 180 C/5 days.
Fig. 11. 29Si NMR MAS spectrum deconvolution of the vanadosilicate prepared with SDA-2 at 180 C/5 days.
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positions topologically equivalent to the octahedral Ti sites in ETS-
10, with variations of the octahedral environment that could derive
from a number of reasons: different stacking fault probabilities for
different polymorphs, a symmetry lowering of the structure and/or
distortions induced by interaction with the SDA.
29Si MAS NMR spectra of the vanadosilicates AM-6 prepared
with SDA3 and SDA4 (Fig. 10) have basically the same patterns
with the presence of a strong and sharp resonance at 93.7 ppm.
However, the AM-6 samples prepared with SDA1 and SDA2 present
additional broad resonances with one of them clearly centered at
109 ppm. The deconvolution analysis of the Si-29 NMR spectrum
of the SDA2 sample, shown in Fig. 11, indicates the presence of four
resonances centered at 88.5, 93.7, 98.7, and 109 ppm. The
overlapping of these resonances can be attributed to the presence
of V4+ paramagnetic centers in the AM-6 framework. These reso-
nances arise from two different types of silicon sites, one which
is further away from the V4+ centers and indicated by the reso-
nance centered at -93.7 ppm assigned as Si(3Si, 1V) species, and
additional silicon sites in close-proximity to the V4+ centers leading
to broad resonances such as 88.5 ppm and -98.7 ppm assigned to
Si(3Si, 1V) and the 109 ppm assigned as Si(4Si, OV) species. These
three broad resonances at 88.5, 98.7, and 109 ppm resemble
the ETS-10 spectra in Fig. 10. The Si/V ratio of 4.6 ± 0.2 was esti-
mated by the deconvolution analysis using MNova software of
the SDA2 spectrum. Bulk chemical analysis were performed by
ICP-AES for all the vanadosilicates prepared with SDA1–4 revealing
Si/V molar ratio of 5.0; therefore assigning the broader NMR reso-
nances to different amounts of incorporated vanadium is indeed in
accordance with the chemical analysis.
ETS-10 and other titanosilicates have been subjected to several
isomorphous substitutions of Ti and Si atoms by Zr [30], Nb [31], V
[32,33], B [34], Co [35], Cr [36], Al and Ga [37] and the 29Si MAS
NMR study of these samples have revealed that the designed crys-
tallographic sites of ETS-10 (Si(3Si, 1Ti), Si(4Si, 0Ti)) remain the
same after the incorporation of these different heterogeneous
atoms, and the main reported modiﬁcations of the NMR spectra
were related to the shifting and broadening of the resonances lines.
29Si MAS NMR spectra of other large pore vanadosilicates such as
AM-6 [38], AM-13 and AM-14 [33] were not reported in the liter-
ature; therefore this is the ﬁrst 29Si MAS NMR of a vanadosilicate
synthesized without seeds.
Fig. 12 shows the 51V NMR MAS of the vanadosilicate synthe-
sized in this study. Solid-state 51V MAS NMR spectra are expected
to be complex due to the simultaneous presence of second-order
quadrupolar effects and chemical shift anisotropy interactions. Ro-
cha et al. [38] were unable to observe any 51V NMR MAS for the
vanadosilicate AM-6 due to the presence of paramagnetic V4+
which could render V5+ too broad to be detected.
The 51VNMRMAS spectra of the vanadosilicate synthesizedwith
SDA1–4 show a very interesting feature and some similarities. The
51V NMR MAS of the vanadosilicate prepared with SDA1 and SDA2
shows an overlap of three distinct peaks: a sharp resonance with
Fig. 12. 51V NMR MAS of the vanadosilicates prepared with the SDAs 1–4 at 180 C/5 days.
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linewidth of 500 Hz centered at654 ppm, a small broad resonance
with linewidth of 5 kHz centered at 590 ppm and the chemical
shift anisotropy (CSA) effect on the vanadium atoms central transi-
tions +1/2M 1/2 with tensor parameters of rxx = 555 ppm,
ryy = 570 ppm, rzz = 680 ppm, diso = 602 ppm, dr = 78 ppm
and gr = 0.19 along with its respective series of spinning sidebands.
This is an indication that there are three different chemical
environments for the vanadium atoms in the vanadosilicates sam-
ples prepared with SDA1 and SDA2. Inspection of several 51V
chemical shift data bases [69,70] led to the assignment of the res-
onance at 654 ppm to vanadium sites with octahedral coordina-
tion to the crystallographic water with one or more V-O bonds. In
addition, atoms of vanadium in a distorted octahedral environment
with almost axial symmetry have resonances peak of the ryy tensor
component centered at570 ppm. The observation of this CSA pat-
tern it is a clear indication that the isomorphous substitution of
vanadium atoms bonded to the microporous framework in both
samples, SDA1 and SDA2, has occurred. Moreover, the small reso-
nance centered at 590 ppm observed with the SDA1 and SDA2
samples is the same vanadium specie present in the SDA3 and
SDA4 spectra. The 51V NMR MAS spectra of SDA3 and SDA4 are
dominated by a manifold of fairly broad resonances with linewidth
of 5 kHz from a vanadium site indicating extensive chemical shift
anisotropy (CSA) interaction.
In discussing the appearance of the broad line in 51V NMR MAS
spectra, the possible presence of paramagnetic V3+ and V4+ ions in
the vanadosilicates prepared with SDA3 and SDA4, shown in
Fig. 12, must be taken into account. Dipole–dipole interactions be-
tween the magnetic moment of the V5+ nucleus and the magnetic
moment of paramagnetic ion may result in NMR signal broadening
and even its disappearance. Attempts to measure the relative
amount of V4+ estimated from Electron Spin Resonance (ESR)
measurements using double integration of the ﬁrst derivatives
absorption line were not successful. In principle ESR spectra con-
tain information about the spatial distribution of the paramagnetic
species. Paramagnetic centers in close vicinity can broaden the ESR
lines to such an extent that no hyperﬁne structure is resolved any
more. The ESR of all the samples (not shown) revealed a single and
broad resonance peak centered at g = 1.9545. This observation is in
accordance with the results reported by Rocha et al. for AM-6 [38].
Most of the catalytic work with vanadium shows that in fact
clearly resolved hyperﬁne structures representing the symmetry
around V4+ ion can only be detected for the supported samples
and V3+ does not produce an ESR signal, neither at ambient nor
at liquid nitrogen temperature [69,70].
51V NMR spectroscopy discriminates well between octahedral
and tetrahedral distorted vanadium species and there are several
reports in the literature [71–73] of the use of this technique for
the characterization of the different local chemical environmental
and coordination geometry of the vanadium species. Most of the
authors [71–73] reported that distorted octahedral V species are
associated with d22 values in the range 200 to 400 ppm while
distorted tetrahedral V species are associated with chemical shift
d22 values within the range of 450 to 550 ppm. The assignment
of the two lines at 571 ppm and 590 ppm is not straightforward
since the vanadium oxide chemistry is very rich and complex due
to the wide range of oxidation states and the possible polyhedral
coordination that vanadium exhibits. The coordination polyhedron
type of vanadium can be correlated with the oxidation state, there-
fore vanadium with an oxidation number of +5 or +4 can present
itself in four different polyhedra: trigonal bi-pyramidal, square
pyramid, distorted octahedral and rectilinear octahedral. One
way of distinguish between a V+4 or V+5 polyhedra is to identify
the presence of vanadyl group whose bond length (1.55–1.75 Å)
is short compared to the other bonds (1.90–2.0 Å) for coordination
number 5 and 6. The short bond distances in the vanadyl group can
be identiﬁed with high VO stretching wave number within the
range 940–980 cm1 and Fig. 13 shows the Raman spectra of both
the ETS-10 and the vanadosilicate prepared with the derivatives of
piperidinium and decahydroquinolium cations (pure AM6 sam-
ples). The spectrum of ETS-10 (Fig. 13b) displays a strong band at
727 cm1 which were assigned to T–O stretching vibration in a
octahedral coordination and a weak one at 304 cm1 which were
assigned to the Si–O–Ti stretching vibration by Mintova and co-
workers [74] .The Raman spectrum of the vanadosilicate
(Fig. 13a) presents three intense bands: 873, 903, 1037 cm1 and
two low intense bands: 1780 and 1940 cm1. We assigned the
bands at 873 and 903 cm1 to the presence of dimmers of VO6 in
octahedral coordination, following a model proposed in the litera-
ture for the coordination of TiO6 [38,72] and this interpretation is
in accord with the 51V NMR MAS data which present two distinct
environment of vanadium (Fig. 12). The presence of V@O is
conﬁrmed by the presence of the band at 1037 cm1 and probably
they should be presented as defect sites of the crystal structure
[38].
Fig. 14 shows the solid-state 13C CPMAS NMR spectra of the
vanadiosilicates prepared with SDAs derivatives of decahydroqui-
niolium cations. In general the spectra show that the SDAs were
kept and preserved during the syntheses which are a clear indica-
tion that derivatives of decahydroquinolium can act as structure
directing agents. Interestingly the derivatives SDA1 and SDA2 con-
taining CH3 groups in theirmolecular structurewith chemical shifts
at 9.5 ppm and 7.1 ppm have been more efﬁcient to promote the
incorporation of vanadium atoms in different sites such as Si (3Si,
1V). 29Si MAS NMR, 51V MAS NMR and 13C CPMAS NMR spectra of
the other vanadosilicates prepared with derivatives of piperidine
and (S)-Sparteine are under investigation and will be presented in
Part II of this study.
Fig. 13. Raman spectra of (a) vanadosilicates prepared with SDAs 1–4 and (b)
titanosilicate ETS-10.
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4. Conclusion
The results presented in this study (which is Part I of a two-part
study) allow us to conclude that derivatives of decahydroquinoline,
piperidine and (S)-Sparteine can direct the synthesis of new vanad-
osilicates materials decahydroquinolinium and piperidinium cat-
ions can direct the formation of pure AM-6, and at the right
conditions SDA4, a decahydroquinolinium cation, favors the forma-
tion of AM-6 largely enriched with the chiral polymorph A. Deriv-
atives of (S)-Sparteinium can direct not only AM-6, but at 230 C/
5 days there are the formation of new species of vanadosilicates.
The crystallographic structures of some of the SDAs used in this
study are for the ﬁrst time reported in the literature. Raman and
51V NMR MAS data indicate that the Vanadium is present in an
octahedral coordination, but there are three different sites for octa-
hedral vanadium for the samples prepared with derivatives of
decahydroquinoline and piperidine. The characterization of the
new vanadosilicate directed by the derivatives of (S)-Sparteinium
are in progress and will be reported in Part II of this study.
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